ability to physically occlude the active site of SHP-1 so that it cannot bind substrates and its ability to facilitate oxidation of the deprotonated thiolate state of the active-site cysteine of SHP-1, which suppresses SHP-1's enzymatic activity. Moreover, Choi et al. show that THEMIS facilitates oxidation of the active-site cysteine of SHP-1 through intracellular reactive oxygen species (ROS) generated either within the thymocytes themselves or by thymus stromal cells 1 . This potentially provides an explanation for the ability of ROS (mainly H 2 O 2 ) to positively influence TCR signaling.
Collectively, these findings reconcile a number of apparently disparate observations and provide a unifying model of how THEMIS functions in thymocyte selection. The data support a model in which THEMIS regulates TCR signaling thresholds and thymic selection through the attenuation of SHP-1's phosphatase activity ( Fig. 1) . By suppressing this activity, THEMIS diminishes the signaling threshold, which enables DP thymocytes to be stimulated by weak agonists that fail to activate CD4 + or CD8 + single-positive thymocytes or mature T cells. In fact, THEMIS might be chiefly responsible for setting selection thresholds in the thymus, as THEMIS expression decreases substantially as DP thymocytes mature to the single-positive stage. Nevertheless, some important questions remain. The molecular details of how THEMIS regulates the oxidation of SHP-1 remain to be established. The association with CABIT might sustain the oxidized state of SHP-1 by blocking access to reducing agents such as glutathione. Alternatively, it might facilitate oxidation by partially unfolding the tyrosine-phosphatase domain of SHP-1 and increasing its accessibility to ROS. Finally, it might also prevent SHP-1's function by blocking access to substrates. The target specificity of THEMIS remains undefined, specifically its ability to inhibit other tyrosine phosphatases, notably SHP-2. If THEMIS is able to inhibit the activity of SHP-2, this could explain the paradoxical activation of some signaling responses in THEMIS-deficient thymocytes, as SHP-2, unlike SHP-1, has well-documented positive effects on certain TCR-signaling effector molecules, notably Erk 14 . The importance of THEMIS in T cell development also raises the question of the role that other CABIT-domaincontaining molecules in this large and widely expressed family might be serving in other developmental contexts. The appearance of CABIT-module-containing proteins in metazoa might serve as a general mechanism for regulating phosphorylated-tyrosine signaling.
The sequence diversity of CABIT modules suggests that different CABIT modules might serve to regulate distinct tyrosine phosphatases. Accordingly, the mode of action used by THEMIS might represent a paradigm by which other CABIT-domain-containing proteins act to regulate the tyrosine-kinase-phosphatase signaling circuits that regulate a whole array of cellular or developmental processes.
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 T cells get adaptive
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Throughout ontogeny, the gd TCR repertoire in human blood becomes less diverse and more focused, yet is private in nature, and specific adult gd T cell subsets undergo substantial clonal expansion after challenge with cytomegalovirus.
γδ T cells seem to disobey many of the biological rules followed by their αβ counterparts. In particular, they are not restricted by the presentation of peptide antigens by classical major histocompatibility complexmolecules, and they 'preferentially' home to tissues (rather than to secondary lymphoid organs), where they typically respond very rapidly, in synchrony with innate immunity. These characteristics underlie their labeling as 'innate-like' T cells, alongside natural killer T cells and mucosa-associated invariant T cells. Accordingly, mouse γδ T cells constitute various (semi-)invariant populations that populate peripheral tissues (for example, skin, gut or uterus) and are functionally engaged without the need for clonal expansion. In humans, the extent of diversity of the γδ T cell antigen receptor (TCR) repertoire and how it may be shaped (or not) by clonal expansion is poorly understood. Published reports addressing this issue are scarce and lack the sequence resolution enabled by next-generation sequencing, which is the basis of studies now published in Nature Immunology (by Ravens et al.) 1 and in Nature Communications (by Davey et al.) 2 .
Ravens et al. gathered a large set of human samples, including cord blood and peripheral blood from patients who had undergone allogeneic hematopoietic-stem-cell transplantation (HSCT) 1 . This technically demanding clinical cohort study was designed to investigate not only how the γδ T cell pool is shaped during ontogeny but also how it regenerates after HSCT. Davey et al. focus on the T cell compartment negative for δ-chain variable region 2 (V δ 2 -) in healthy adults and cord blood 2 . In both studies, the comparison of samples of adult peripheral blood and cordblood clearly demonstrates a postnatal focusing (i.e., a reduction in diversity) of γδ TCR repertoires, despite the finding that shared 'innate' clones are more frequent in the neonate (Fig. 1) . The data thus extend published work [3] [4] [5] and highlight differences between the γ-chain and δ-chain repertoires in adults: whereas TCR γ-chain repertoires (encoded by the TRG locus) are composed largely of 'public' sequences (present in many people), TCR δ-chain repertoires (encoded by the TRD locus) are mostly private (present in only one person) 3 , especially in the V δ 2 -T cell compartment 4 . This is consistent with the selection and oligoclonal expansion of public TCR γ-chain sequences that pair with a plethora of TCR δ-chains. Ravens et al. find that once the γδ T cell repertoire is reconstituted, it again, as in healthy adults, remains very stable over the course of the 180-day study 1 . Although the reconstituted repertoire resembled the repertoire before transplantation in terms of V-segment usage and complexity, the γδ TCR repertoire is clearly fundamentally changed and shows little overlap with either the host repertoire before transplantation or the donor lymphocyte repertoire. This indicates that γδ T cells can quickly regenerate de novo in the patients after transplantation, with an 'imprinted' recombination bias similar to that before transplantation, although this ultimately produces a clonotypically different TCR repertoire, which reveals a partly stochastic nature of the selection. This resembles the natural-killer-cell repertoire's stochastic acquisition of self-reactive 'hard-wired' receptors, which also creates a natural-killer-cell repertoire that is diverse but has predictable recognition modalities.
The analysis of patients who have undergone HSCT has proven highly informative and has shown that γδ T cells are reconstituted much faster than are αβ T cells 3 . γδ T cells are fully reconstituted within 30-60 days after transplantation, with TCR repertoires of similar complexity; in contrast, the normalization of αβ T cell repertoires does not start until after 6 months, and a majority of patients show abnormal and less-diverse repertoires up to 3 years after transplantation 6 . The swift reconstitution of γδ T cells might be of considerable biological importance, as the host-protective roles of γδ T cells are often most overt under conditions of suboptimal αβ T cell responses. This potent speedy selection and amplification of γδ T cells also suggests that they have important roles in regulating immunity to malignancies and infection. This is the basis of haploidentical HSCT protocols in which γδ T cells are left in the graft (after depletion of αβ T cells and B cells) to improve the immunological fitness of the recipients 7 . Indeed, the number of γδ T cells after transplantation correlates with disease-free survival 8 . Interestingly, in the numerical context, γδ T cells do not seem to take
A fundamental yet unanswered question in γδ T cell biology is whether γδ T cells are activated in a polyclonal 'innate-like' manner or in an antigen-specific clonal 'adaptive' manner. Data on mice have favored the former, which has led to the concept of 'lymphoid stress surveillance' by tissue-resident γδ T cells 9, 10 . The study by Ravens et al., with longitudinal monitoring of patients who had undergone allogeneic HSCT, offers an opportunity to address this in the context of the responsiveness of γδ T cells to human cytomegalovirus (CMV) 1 . CMV infects a large proportion of the population worldwide, and although it establishes host persistence without detectable symptoms in immunocompetent people, CMV can be life-threatening to immunocompromised patients and the young. Reactivation of persistent CMV is common following transplantation and is associated with diminished overall survival. Ravens et al. find the reactivation of CMV occurs between 25 days and 60 days after transplantation; thus, they monitor γδ TCR repertoires before and after reactivation of CMV and compare them with those of CMV-free patients 1 . The resulting data are striking: reactivation of CMV causes substantial perturbation of the already established γδ TCR repertoire and robust clonal expansion of a single or few γδ T cell clones per patient, which precisely correlates with activation of the virus (Fig. 1) . Furthermore, by single-cell sequencing and comparison of those results with data obtained by next-generation sequencing, Ravens et al. demonstrate that the substantially expanded clones in healthy control subjects, and especially in allogeneic-HSCT patients after reactivation of CMV, are uniformly identical in nucleotides 1 . This is strong evidence that γδ T cells undergo clonal expansion in response to viral infection-a clear adaptive immune response. As has been shown previously, the clones expanded by CMV are mainly among the V γ 9 -and V δ 2 -cells 11 . The expanded sequences are not public but are instead individual to each patient, although several of them share substantial homology. Davey et al . also analyze the influence of CMV seropositivity on V δ 2 -repertoires and similarly find that CMV-seropositive people have diminished diversity; however, they show that CMV-seronegative people can also exhibit extreme clonotypic focusing and that this a common feature of the V δ 1 + and V δ 2 -repertoire (in contrast to V δ 2 + γδ T cells, which undergo polyclonal expansion after birth) 2 . V δ 1 + T cells undergo population expansion in the blood not only during CMV infection but also in patients positive for human immunodeficiency virus 12 and in cancer 13 . The expansion in blood of these unusual clones raises the Figure 1 Focusing of the human γδ T cell repertoire. The 'spotted people' (middle and right) illustrate the focusing of the blood γδ T cell repertoire during development and the dynamic changes that occur after active infection with CMV. The blood γδ T cell repertoire is more diverse in neonates (bottom left) and shows abundant use of a variety of both V γ TCR chains and V δ TCR chains, including V γ 2, V γ 3, V γ 4 and V γ 5 in addition to V γ 9, as well as V δ 1, V δ 3 and V δ 5 in addition to V δ 2. In the adult, the γδ TCR repertoire is more restricted and is dominated by usage of V γ 9 and V δ 2 chains and contains a large abundance of clones that use the V γ 9JP segment. Upon challenge by CMV, the blood γδ TCR repertoire undergoes rapid and dynamic perturbations with large expansion of a few, mainly V γ 9 -and V δ 2 -, γδ T cell clones.
(blue, green, purple): 2 , which would further inform the contribution of the TCR to γδ T cell function. It is clear that certain γδ T cells undergo population expansion in response to reactivation of CMV in an apparent 'adaptive'-immuneresponse manner (albeit an unconventional adaptive response, being unrestricted by major histocompatibility complex). However, what are they reacting to? It is unclear whether they are directly responsive to viral antigens or to virus-induced self antigens. Data from several other studies collectively support the proposal that they recognize stress-induced self antigen(s) 10 , and repertoire amplification biased toward the recognition of common antigens makes sense. The selection and amplification of public clonotypes is an important and common way to shape TCR repertoires and is used by natural killer T cells and mucosaassociated invariant T cells. The CMV-reactive clones observed by Ravens et al. represent a heterogeneous mixture of V δ 1, V δ 3 and unconventional V δ 2 clones; however, the considerable nucleotide homology suggests a public sequence reactive to the activation of CMV 1 . If they recognize stress-induced self antigens, can such a sequence be expanded in response to other pathogen challenges or states of dysregulated self? That is the conceptual framework for the recognition of tumors by conventional V γ 9V δ 2 T cells, which seemingly use public sequences positive for V γ 9 and the JP joining segment to respond to the accumulation of phosphorylated antigens after over-activation of the mevalonate pathway 3 (which can occur during a plethora of distinct challenges). The advantage of such a public repertoire (possibly pre-existing in the tissue) capable of responding to single antigen(s) is the faster kinetics of the response and thus the greater chance of host survival. This strategy is rather 'innate' in nature and exemplifies how the γδ T cell response is a dynamic system that embodies both innate immunological strategies and adaptive immunological strategiesthe yin-yang duality and complementarity that produce a superior response.
